Quantitative histochemical methods were used to measure glyceraldehyde-3-phosphate dehydrogenase-NADP activity in developing and mature leaves ofDianthus chineasis L. The activity values were compared on the basis of illumination of developing leaves, the maturity of stomata, and the activity of enzymes concerned with carbohydrate oxidation.
Most research on glyceraldehyde-3-phosphate dehydrogenase NADP (GAPDH-NADP)2 has dealt with understanding the role of light in the synthesis and regulation of the enzyme (1, 2, 5, 11, 18, 21, 24, 25) . Although GAPDH(NADP) is unique to the Calvin-Benson cycle, few investigations have looked at the activity of the enzyme in relation to the development of leaves, their attainment of photosynthetic competency, and their senescence. Previous studies show that the synthesis of this enzyme is controlled by phytochrome, increases upon exposure to light, peaks at or around full-expansion ofleaves, and then declines, followed in some cases by leaf abscission (3) (4) (5) 22) . In spite of these data no information is available on the enzyme in young, microscopic leaves, the relationship between activities and photosynthesis, photosynthetic carbon fixation, the competency of stomata, and the import-export status of the leaf. Therefore, the objective of this research was to study GAPDH activity in light-grown plants to understand their attainment of photosynthetic function. Enzyme measurements were made within developing leaves, beginning with primordia, and related to their growth and expansion, the incidence oflight during leafemergence, and to the functional status of stomata on leaf surfaces.
Results showed that activity was low (50-180 mmol) in the apical meristem and youngest two pairs of primodia, peaked in LP9 at 1900 mmol, and then declined in more mature leaves. An increasing gradient of activity from leaf base to tip occurred in several leaves, LP4 to LP6. Within LP4 the pattern ofGAPDH activity is the mirror image of that for enzymes of carbohydrate I Supported by a grant from the National Science Foundation (PCM 83-16252).
2 Abbreviations: GAPDH-NADP, glyceraldehyde-3-phosphate dehydrogenase-NADP, EC 1.2.1.13; LP, leaf pair.
oxidation. We suggest that LP4 is in transition to autotrophy, but that fixation of significant quantities of atmospheric carbon does not occur until LP6 when the stomata become functional (22) . Activity is similar throughout the blades of older leaves, beginning with LP7. Relative to LP9, activity in LP1O and LPl 1 declined and the leaves began to turn yellow and senesce.
MATERIALS AND METHODS Materials. Plant material was grown, selected, and prepared for analysis as previously described (7) (8) (9) 18) . Leaf pairs were numbered according to age, with the youngest pair being numbered 1. Enzymes were from Boehringer Mannheim and other biochemicals were from Sigma Chemical Co.
Methods. The macroassay for the enzyme was developed using extracts offresh or freeze-dried leafmaterial ofLP9 by the general protocol previously established (7) (8) (9) 18) (14) and previously used on Dianthus (7) (8) (9) .
Activity is given as mol substrate consumed and values reported are representative data from three to five separate experiments on each sample type. Activity determined on a dry weight basis was converted to cell and unit cell volume (.um3) bases by factors previously established (8) .
Preparation of Tissue for Scanning Electron Microscopy. Dianthus shoot tips and mature leaves were fixed in FAA, dehydrated in an ethanol series, and then critical point dried. Leaf primordia were dissected from the shoot tips and mounted whole on stubs using double stick tape. Older leaves were cut into five equal sections from tip to base before being mounted on stubs. Leaf material was then coated with a 10 nm layer of gold-palladium before viewing with a JEOL-35C scanning electron microscope.
RESULTS
The shoot tip of Dianthus in the seventh plastochron ( Fig. 1 ) had four pairs of leaves within the bud and several pairs of leaves that were expanding out of the bud. The average lengths of LP1, LP2, and LP4, were 50, 500, and 8300,um, respectively. The apex and LPl through LP3 were completely enclosed by LP4 (Fig. 1, arrow) , which was vertically oriented. Although LP4 was still associated with the bud, the upper half of the leaf was exposed to light while the lower half was enclosed by the bases of LP5 and 6. The orientation of older leaves, LP5 to LPl 1, progressively became more horizontal and the entire length of the leaf blade was exposed to light beginning with LP7.
On a kg dry weight basis, the activity of GAPDH(NADP) increased from a minimum of 50 mmol at the apical meristem to a maximum of 1900 mmol in LP9 and then declined in LPIO and to 1400 and 800 mmol (Fig. 2) . Average activity in the apical meristem and the first two pairs of leaves (LP1, 2) was low, 50 to 100 mmol. However, from LP2 to the tip of LP4 activity increased 10-fold to 1000 mmol (Fig. 2) . Relative to LP4, values in the tips of LP5 and 6 were similar and increased in the tips of LP7 and 8 to 1400 mmol.
Converting GAPDH(NADP) activity from a dry weight to cell and unit cell volume bases (Table I) (8) .
Enzyme activity varied by region in certain developing leaves (Fig. 3) . When the blades of LP4 were assayed by region (tip, middle, base), activity nearly doubled from the base (400 mmol) to the middle (700 mmol) and was two and one-half times greater in the tip (1000 mmol) than that in the leaf base (Fig. 3) . In LP5 and 6, activity increased from the base (700 mmol) to the middle (1000 mmol) of the leaf, but values for the middle and tip of these leaves were the same (Fig. 3) . In the older leaves, LP7 and 8, enzymic activity in the mesophyll was similar throughout the three regions of the leaf (Fig. 3 ).
The development of the leaf surface from LP2, 4, 6, and 9 is shown in Figure 4 , A to D. In LP2 all epidermal cells appeared meristematic and undifferentiated; recent cell divisions were obvious (Fig. 4A ). Immature stomata first appeared among the epidermal cells at the tip of LP4 (Fig. 4B ). In LP6, the stomata had expanded and the opening into the pore was evident (Fig.   4C ). On LP9, the mature stomatal complex was slightly larger than in LP6 (Fig. 4D ). DISCUSSION The development of GAPDH(NADP) activity within the leaves of light-grown Dianthus shoots can be divided into four parts: (a) minimal activity in leaf primordia, which are enclosed in the bud; (b) a gradient of increasing activity along the leaf blade as leaves expanded out of the bud and were exposed to light; (c) a further, modest increase to a maximum level of activity as leaves attained full expansion; and (d) a decrease in activity as mature, fully expanded leaves became senescent. This pattern of changing activity in an enzyme of the carbon fixation pathway is most similar to one previously described in which the activity of selected enzymes (ribulose bisP carboxylase, ribulose 5-P kinase) peaks prior to full leaf expansion, but sharply declines thereafter (3). This pattern has been attributed to the synthesis of these enzymes by the chloroplasts, although GAPDH-NADP is now known to be nuclear encoded (6) .
There are two patterns of GAPDH(NADP) activity within developing leaves. In the first, increases in activity from leaf base to tip were pronounced in LP 4 through 6 and consistent with their exposure to light as they emerged from the bud. Since the base of LP 4 is enclosed by older leaves and yet showed significant GAPDH-NADP activity, twice that of LP 2, light may have entered the tip of this leaf and traveled to the base to initiate enzyme synthesis. From the measured distances over which light may travel in this manner (16) it would be possible for light to reach the base of this leaf pair. The second pattern seen was in fully expanded, older leaves, LP7 and 8, which had similar activity throughout their blades (Fig. 3) . Based on the known effects of light on the synthesis and regulation of this enzyme (11, 12, 17, 21, 25) and results from experiments using shaded leaves (13), these results in Dianthus are not surprising.
Although the development of stomates on LP4 is correlated with the first significant increase in GAPDH(NADP) activity, in Dianthus these stomates are not fully mature or functional (23) .
Transverse views through immature stomatal complexes reveal that a common wall is still shared between the two guard cells and that K+ accumulation in the guardcells hasnotyetoccurred GAPDH-NADP and ribulose bisP carboxylase (10) which are is unlikely that atmospheric gas exchange can necessary for carbon fixation, begin to appear two plastochrons however, respiratory activity ofthe developing earlier than stomatal opening. While GAPDH(NADP) activity increased during Dianthus leaf development from LPl to LP9, several enzymes concerned with the oxidation of carbohydrates (glucose 6-P dehydrogenase, gluconate 6-P dehydrogenase, phosphofructokinase, and hexokinase) decrease in these same leaves (7) (8) (9) . Within LP4 GAPDH(NADP) activity increased from the base to the tip, while hexokinase activity decreases acropetally (9) . The pattern of ribulose bisP carboxylase activity within developing leaves (10) is like that of GAPDH(NADP). Based on these changes in enzymic activity and the expansion of the leaf into the light, we suggest that this leaf represents the beginning of the switch to autotrophy. Consistent with this transition is the differentiation of stomata on this leaf and the general pattern of leaf development from tip to base. The completion of this change probably occurs somewhat later. Following the change to autotrophy, maximum activity occurred in LP9, a fully expanded leaf which has achieved final orientation, and was followed by a decline in activity beginning with the next older leaf and continuing as leaves senesce. Overall, the patterns of changing enzyme activity profile leaf ontogeny in a dicotyledonous plant grown under diurnal light conditions.
